Abstract ATP-binding cassette (ABC) transporters are ubiquitous integral membrane proteins that facilitate the transbilayer movement of ligands. They comprise, minimally, two transmembrane domains, which impart ligand specificity, and two nucleotide-binding domains (NBDs), which power the transport cycle. Almost 25 years of biochemistry is reviewed in light of the recent structure analyses resulting in the ATP-switch model for function in which the NBDs switch between a dimeric conformation, closed around two molecules of ATP, and a nucleotide-free, dimeric 'open' conformation. The flexibility of this switching mechanism has evolved to provide different kinetic control for different transporters and has also been co-opted to diverse functions other than transmembrane transport.
Introduction
The translocation of molecules across cellular lipid membranes is critical for most aspects of cell physiology including the uptake of nutrients and the elimination of waste products, energy generation and cell signalling. ATPbinding cassette (ABC) transporters are one of the major classes of membrane transporters found in all cell types of all species so far studied [1] . Different ABC transporters translocate different substrates, ranging from small ions to large polypeptides, and they therefore play a wide variety of physiological roles. Mutations in ABC transporter genes underlie a number of human genetic disorders, as discussed elsewhere in this issue. They are also of particular economic and medical importance as they can pump cytotoxic molecules from cells conferring resistance to antibiotics, herbicides and chemotherapeutic drugs.
ABC transporters utilise the energy released by ATP binding, ATP hydrolysis and ADP-Pi release (henceforth referred to as ATP catalysis, although it is important to remember that energy is available at each of these steps) to transport substrates, vectorially, across cell membranes. All eukaryotic ABC transporters that have been characterised transport their substrate from the cytoplasm, out of the cell or into organelles, although some bacterial ABC transporters have acquired an additional extracellular protein, the periplasmic binding protein (PBP), to facilitate substrate import. Two apparently 'typical' mammalian ABC proteins do not appear to mediate active transport but instead have evolved to couple the conformational changes induced by ATP catalysis to regulate K + channel activity (SUR1/ ABCC8), or to open and close a chloride channel formed by the ABC "transporter" itself (CFTR/ABCC7). Finally, several ABC nucleotide-binding domains (NBDs) have evolved to couple ATP catalysis to distinct biological functions such as DNA binding/chromosome organisation (SMC proteins), DNA repair (MutS, Rad50) and mRNA export from the nucleus (Elf1p).
An understanding of how ABC transporters work to mediate directional transport of substrates across lipid membranes has been a challenge since the first sequence of a complete ABC transporter was obtained nearly 25 years ago [2] . Insights from recent biochemical, structural and genetic studies of several ABC transporters have led to the 'ATP switch' model of function [3] .
Structure of ABC transporters
The notion that a typical ABC transporter consists of four core domains was established many years ago ( [4] ; Fig. 1a ).
These four core domains appear to form the minimal functional unit both necessary and sufficient for transport. The two transmembrane domains (TMDs) of each ABC transporter consist of multiple membrane-spanning α-helices (typically, but not always, six α-helices per domain) and form the pathway through which substrate crosses the membrane. These domains also form the substrate-binding site (or sites) which contributes to transport specificity. The Fig. 1 Structure of ABC transporters. a Schematic representation, illustrated for P-glycoprotein [17] . The NBDs are coloured in cyan and gold and shown in the closed dimer conformation, with ATP in stick form, and coloured elementally, at the interface. The TMDs, shown in blue and red, form an aqueous chamber in the membrane (the plane of which is indicated by grey rectangles). b The closed NBD dimer viewed from above, as if looking down through the membrane and TMDs (which are hidden for clarity). The two ATP molecules and two magnesium ions (black spheres) occupy the two nucleotide-binding pockets at the interface between the NBDs. c Schematic representation of NBD1 (gold) viewed from NBD2 (which is hidden for clarity). The ATP and magnesium ion coordinated predominantly by NBD1 are shown in elemental colours. The residues and motifs coordinating the MgATP are shown in stick form and coloured as follows: core domain; stacking aromatic (Y401, light purple), Walker A motif (427-GSGCGKST-435, cyan), Walker B motif (551-ILLLDEAT-558, yellow), Q-loop glutamine (Q475, dark purple), H-loop histidine (H587, green). The D-loop aspartate (D562, red) of the core domain forms an H-bond with the Walker A of NBD2 and is located at the amino terminal end of helix 6 which may be distorted during ATP hydrolysis to store energy to force ADP release from the open NBD dimer conformation [40] . The ABC signature motif (531-LSGGQ-535, blue) of the helical domain contacts the MgATP (coloured grey) that is otherwise coordinated by NBD2 two nucleotide-binding domains (NBDs) couple the energy of ATP catalysis to transport. The NBDs of all ABC transporters share extensive amino acid sequence identity, and a number of characteristic motifs define this superfamily of proteins and distinguish them from other ATPbinding proteins [4] .
The four domains of an ABC transporter are sometimes encoded as separate polypeptides and sometimes fused into multidomain proteins [4] . For any given transporter, the two NBDs are often closely related to each other (indeed, they are sometimes identical), as are the two transmembrane domains. Thus, it has long been predicted that ABC transporters are pseudodimers, with each half of the dimer consisting of one TMD and one NBD (Fig. 1a) . This has now been confirmed by structural studies [5] [6] [7] .
Structural data for ABC transporters have been hard to come by. The first high-resolution X-ray structure, of an isolated NBD from the Salmonella histidine transporter (HisP; [8] ), has been followed by over a dozen NBD structures. All, not unexpectedly, have a very similar tertiary fold. Some of these isolated NBDs crystallised as dimers, and, initially, several distinct dimer interfaces were observed. However, it is now clear from genetic and biochemical data that the dimer interface first observed in the Rad50 [9] , LolD [10] and MutS [11, 12] structures, and subsequently in the complete BtuCD transporter [6] , reflect the physiological interface. In this dimer, the two nucleotide-binding pockets are located at the interface between the monomers, with both bound nucleotides coordinated by the conserved amino acids from both NBDs (Fig. 1b,c) . Thus, it is appropriate to consider an ABC transporter (at least in the closed dimer form-see below) having two ATPbinding pockets, with both NBDs contributing to each pocket, rather than each NBD having a separate ATPbinding site. Throughout this review, it is sometimes convenient to refer to the activity of an individual NBD. In such cases, we mean the catalytic site to which the said NBD contributes the core subdomain including the Walker A and B motifs.
The TMDs of ABC transporters have, in contrast to the NBDs, been relatively refractory to structural analysis. Although it has long been predicted from primary sequence data that the TMDs each consist of multiple membrane-spanning α-helices, it was only with the first X-ray structure, for a bacterial lipid transporter MsbA, that this was formally confirmed [7] . Low-to-medium resolution structures of the mammalian multidrug resistance P-glycoprotein (P-gp; ABCB1), obtained by electron microscopy of single particles [13] and electron cryomicroscopy of 2-D crystals [5, 14] , showed that the TMDs form an enclosed aqueous chamber/pore in the membrane which, in the basal state, appears open at the extracellular face but closed intracellularly, with the two NBDs exposed as cytoplasmic lobes (Fig. 1) . Subsequent low resolution electron microscopy confirmed a similar organisation for other ABC transporters, and this was elegantly illustrated at high resolution for the Escherichia coli vitamin B12 transporter BtuCD ( [6] ; Fig. 2 ). The overall architecture of ABC transporters is distinct from that of other ATPdependent transporters such as the P-type ATPases (Ca 2+ pump) or F1-F0 ATPase in which the membrane-spanning α-helices are more closely packed and the ATP-binding domains are separated by some distance from the membrane domains. It is interesting to note that the structure of the lipid A transporter, MsbA, of E. coli suggested a very different architecture ( [7] ; Fig. 2a ). This structure is hard to reconcile with biochemical and other data, and structures of the same protein from other species differ yet again, only one of which is compatible with the domain organisation of BtuCD ( [6, 15, 16] ; Fig. 2 ). Although it has been suggested that these very different structures may reflect different intermediate conformational states in the transport cycle, this is not consistent with biochemical and other data, and it seems more likely that in crystallisation, the four domains of MsbA may readily reorient inappropriately with respect to each other and that some of these structures may not reflect physiological configurations [17] .
The structural similarities between NBDs imply that they share a common evolutionary origin. In contrast, the TMDs of different sub-families of ABC transporters, often consisting of varying numbers of transmembrane α-helices, share little sequence identity. The two TMDs (BtuCD and MsbA; [6, 7, 15, 16] ) for which high-resolution structures are available are from different sub-families and adopt different folds which cannot be modelled on one another [14] . It therefore seems most likely that all NBDs share a common origin and mechanism for coupling ATP catalysis to transport (and other biological processes) but that the NBDs are coupled to different evolutionary families of TMDs. This potentially explains how different ABC transporters can handle extremely diverse substrates, ranging from small ions to large polypeptides.
Mechanisms of transport
Studies of bacterial ABC transporters first showed that the NBDs bind and hydrolyse ATP and that ATP hydrolysis is coupled to transport [18] [19] [20] [21] . Elegant studies of the mammalian multidrug resistance P-gp by Alan Senior defined the biochemistry of the ATPase cycle and showed that the two catalytic sites are both required for transport function and that they hydrolyse ATP alternately [22] . Subsequently, several related models for transport appeared based principally on data obtained for the bacterial histidine and maltose transporters and the mammalian P-gp. Given that the two ATP-binding pockets hydrolyse ATP nonsimultaneously, these models generally assumed that the two NBDs were coupled to distinct steps in the transport cycle, for example, one ATP hydrolysis might translocate substrate and the second might reset the transporter.
Three recent datasets, however, have caused these models to be revisited. First, biochemical data suggesting that ATP-binding, without hydrolysis, can provide sufficient energy for transport. Second, structural data (see above) showing that the two ATP-binding pockets are not independent but are located at the interface of an NBD dimer 'sandwich', implying that the two NBDs act in concert at a single step rather than influencing distinct steps in the transport cycle. Third, the observation that the ATP binding and hydrolysis activities of the two catalytic sites of some ABC transporters (e.g. CFTR and MRP1 of the ABCC family) can differ dramatically.
The "ATP-switch" model
The "ATP-switch" model [3] is based on structural and biochemical data from a number of ABC transporters. The critical facet of this model is that transport is a multistep process involving communication via conformational changes, in both directions, between the NBDs and TMDs (Fig. 3) . The driver for transport is an on-off 'switch' between two principal conformations of the NBDs: a 'closed dimer' formed by binding two ATP molecules at the dimer interface, and dissociation of the 'closed dimer' to an 'open dimer' facilitated by ATP hydrolysis and Pi/ ADP release. The 'switch' from the 'open' to 'closed' conformation of the NBD dimer induces conformational changes in the TMDs necessary for transport (or, for some ABC proteins, biological processes other than transport). The reverse of this switch, from the 'closed' dimer to 'open' dimer after ATP hydrolysis, resets the transporter ready for the next transport cycle. The model described below is for an exporter such as P-gp, specifically export of the drug vinblastine (the flexibility of the TMDs to export different substrates with different kinetics is considered in the following section). Variations in the kinetics and control of the switch enables differential control of rates and directionality of transport seen for different ABC transporters. Finally, because of the differences between the TMDs of different ABC transporters, it is not unreasonable to suppose that, even though the 'switch' may be similar for all ABC transporters, the different TMDs of transporters may respond differently to the energy released at different stages of ATP catalysis. Fig. 2 The X-ray structures of "full-length" ABC transporters. a The lipid A transporter MsbA from E. coli. The "repaired model" [83] is shown which was derived from the α-carbon chain of the crystal structure resolved to 4.5 Å [7] . b MsbA from Vibrio cholera resolved to 3.8 Å (pdb file 1PF4; [15] ). c MsbA from Salmonella typhimurium crystallised with ADP.Vi and lipopolysaccharide and resolved to 4.2 Å (pdb file 1Z2R; [16] ). d The vitamin B12 transporter BtuCD from E. coli resolved to 3.2 Å (pdb file 1L7V; [6] ). TMDs are coloured dark grey and dark blue, while the nucleotide-binding domains are coloured light grey and cyan. All structures are viewed from a similar perspective centred on the rotational symmetry plane of the two NBDs. MsbA is a homodimer of a polypeptide comprising one TMD and one NBD. BtuCD is comprised of four polypeptide chains, homodimeric TMDs and homodimeric NBDs. The TMDs of BtuCD are non-homologous with the TMDs of MsbA but all of the NBDs are homologous. The ABC signature motif of the grey NBD is shown as spheres and coloured green. The Walker A motif of the cyan NBD of each transporter (which is expected to contact the same molecule of ATP as the ABC signature of the grey NBD) is shown as spheres and coloured red. Tetra-vanadate, ADP and LPS where present are shown in stick form. Images were generated using MacPyMOL (Delano Scientific)
Step I. The transport cycle is initiated by binding of substrate to the TMDs with the NBDs in the 'open dimer' conformation. A conformational change is transmitted to the NBDs facilitating ATP binding and 'closed dimer' formation In this model, an ABC transporter in its basal state has low affinity for ATP, and the NBDs are in the 'open dimer' configuration. A high-affinity binding site (or sites; see below) for the transport substrate on the TMDs is accessible from the cytoplasmic face of the membrane. Logically, substrate binding to the transporter must initiate the transport cycle-otherwise, the binding and hydrolysis of ATP will occur independently of transport, and the cycle will be futile. Thus, the transport cycle is initiated by the transport substrate binding to its highaffinity binding site(s) on the TMDs. This induces a conformational change which is transmitted to the NBDs, facilitating ATP binding and transition from the 'open' to 'closed' NBD dimer.
The most unambiguous evidence that binding of the transport substrate initiates the transport cycle comes from characterisation of mutants of the bacterial histidine and maltose transporters. In these mutants, the require- Fig. 3 Schematic of the 'ATP switch' model for the transport cycle of an ABC transporter. The schematic is for export of vinblastine by P-gp adapted from Higgins and Linton [3] . The TMDs are shown as 'cylinders' spanning the membrane; the NBDs as 'shapes' at the cytoplasmic face of the membrane. The transporter in its basal state (top left) has the NBDs in 'open dimer' configuration with low affinity for ATP and a high-affinity, vinblastine-binding site in the TMDs (yellow star) exposed to the inner leaflet of the membrane.
Step I The transport cycle is initiated by binding of substrate to its high-affinity site. This sends a signal to the NBDs, which facilitates co-operative binding of two molecules of ATP and closed NBD dimer formation, either by allowing de novo binding or by increasing the affinity for pre-bound ATP.
Step II The conformational changes required to form the 'closed NBD dimer' are transmitted to the TMDs, such that the vinblastine-binding site is exposed extracellularly and its affinity for vinblastine is reduced. Vinblastine is released extracellularly.
Step III ATP is hydrolysed to form a transition state intermediate. Hydrolysis of the two ATP molecules is normally sequential (although for some ABC transporters, only one ATP may be hydrolysed).
Step IV Sequential release of Pi, and then ADP, restores the transporter to its basal configuration. As discussed in the text, ABC transporters may differ in the detail of the cycle. For example, in some cases, one NBD appears to provide the preferred site of ATP binding or hydrolysis, whilst for other ABC transporters, the selection may be stochastic. For some transporters, hydrolysis of only one ATP molecule may be required. The point of substrate release may also vary. Nevertheless, despite such variations, the transition between 'open' and 'closed' NBD dimer, and associated conformational changes, provides a common mechanism for transport ment for binding substrate (histidine or maltose complexed with their respective PBPs) to initiate transport is lost, and, consequently, ATP is hydrolysed continuously in a futile cycle [23, 24] . It is of interest that whilst some of these mutants are in the NBDs, others are in the TMDs demonstrating that signals from the TMDs are transmitted to the NBDs to initiate the ATP catalysis cycle. For many other ABC transporters, it has also been demonstrated that substrate binding to the TMDs induces a conformational change in the NBDs. For example, spectroscopic and protease/chemical accessibility studies have shown substrate-induced conformational changes in the NBDs of P-gp [25, 26] , TAP (ABCB2/3) [27] , MRP1 (ABCC1) [28] and the bacterial histidine [29] and maltose [30] permeases. Substrate binding to the TMDs has also been shown to stimulate ATP hydrolysis by the NBDs, first for the bacterial histidine and oligopeptide permeases [20, 21] and mammalian P-gp [31] , and subsequently for many other ABC transporters. Similarly, for the DNA repair ABC protein MutS, substrate ('mismatch' DNA) stimulates ATPase activity of the protein [32] ; and for bacterial PBP-dependent transporters, interaction of the PBP-substrate complex with the TMDs initiates the transport cycle in an analogous fashion to the interaction of substrate with exporters [33] .
It has been difficult to distinguish experimentally whether substrate-induced ATPase activity is due to stimulation of ATP binding or of the hydrolytic step itself. The available data suggest that it is binding of ATP to the NBDs which is enhanced, lowering the activation energy for 'closed NBD dimer' formation. First, a mutant E. coli maltose transporter in which the requirement for substrate to stimulate ATP hydrolysis has been lost [24] has a 30-fold increase in NBD affinity for ATP [30] . Secondly, for mammalian P-gp, the transport substrate vinblastine increases the apparent affinity of the NBDs for ATP nearly 60-fold (Linton, Wooding and Higgins, submitted for publication), and fluorescent probes for nucleotide binding have shown that several drugs increase the affinity for ATP [34] . Although, in other studies of P-gp, drug substrates have been reported not to alter the affinity for ATP [22, 31] , in these studies, the affinity for ATP was indirectly inferred from increased ATPase activity above a basal activity in the absence of added substrate; this basal activity itself reflects the anticipated futile cycle (see above), and so the data cannot be interpreted as intended. Finally, binding of substrate ('mismatch' DNA) to the DNA-binding domain (analogous to the TMDs of an ABC transporter) of the MutS mismatch repair enzyme stimulates the NBD to bind ATP [35, 36] .
The nature of the conformational changes involved in transmitting a signal from the TMDs to the NBDs to enhance ATP binding and 'closed dimer' formation remains speculative, although it seems likely that the L-loop (EAA sequence) of TMDs [6, 37] and the Q-loops [10] and 'structurally diverse' regions [38] of the NBDs are involved. Similarly, we have little idea of the conformational changes which facilitate ATP binding by the NBDs. It has been suggested from structures of both the HlyB-NBD and the GlcV NBD in their nucleotide-free forms [39, 40] that unusual conformations of the Walker A loop occlude the nucleotide-binding pockets, and displacement of this loop in response to a signal transmitted from the TMDs might increase affinity for ATP. Alternatively, and perhaps more probably, ATP may always have access to, and ability to bind with low affinity to, the NBDs in the 'open dimer' configuration, but a conformational change transmitted from the TMDs is required to align the 'ABC signature motifs' from the opposing NBD to form a nucleotide-binding pocket of high affinity and enable 'closed NBD dimer' formation. ABC transporters may differ in this respect depending upon the relative basal affinity for ATP in the absence of transport substrate.
Step II. Formation of the 'closed NBD dimer' around the bound ATP molecules induces a major conformational change in the TMDs to initiate substrate (vinblastine) translocation Export across a cell membrane requires that a highaffinity binding site for the transport substrate accessible from the cytoplasmic face of the membrane is converted into a low-affinity site at the extracellular face of the membrane. For an active transporter, these conformational changes require energy input, and, until recently, it was generally assumed that the free energy of ATP hydrolysis drove these conformational changes [41] . However, it is now becoming clear that ATP binding and 'closed dimer' formation, rather than hydrolysis, provide sufficient energy to induce the key conformational changes involved in substrate transport.
The observations that amino acids from both NBDs coordinate with each ATP and that around half the area buried at the dimer interface is contributed by the two ATP molecules allow few alternatives to the hypothesis that ATP binding drives 'closed dimer' formation and contributes substantially to its stability [9, 10, 42 ]. The precise conformational changes which trigger 'closed dimer' formation remain unclear because structures with and without bound nucleotide have only been obtained for NBDs in the absence of TMDs. Biochemical studies of intact transport complexes suggest that the conformational changes at the NBDs are relatively small [43, 44] , implying a transition between an 'open NBD dimer' and 'closed NBD dimer' configuration rather than a major reorientation of the NBDs with respect to other domains. Free NBDs in solution appear relatively flexible in the absence of ATP [39, 42] and cannot form a stable dimer as the buried interface would be relatively small. By comparing the structures of nucleotide-free monomers and ATP-bound dimers (only possible with mutant NBDs with key changes to prevent hydrolysis), it has become clear that high-affinity ATP binding involves 'rigid body' rotation of the α-helical subdomain with respect to the core subdomain (9, 10, 42; Fig. 1c ). This aligns residues in the 'ABC signature' motif of the α-helical subdomain of one NBD with the Walker A and B motifs of the core subdomain of the other NBD to form two complete ATP-binding pockets. There is good evidence for several ABC transporters that binding of the two ATP molecules is co-operative, providing kinetic control of transport.
It is now also clear that the substantial free energy associated with ATP binding [10, 40] and 'closed dimer' formation induces major conformational changes in the TMDs. Spectroscopic, protease accessibility and crosslinking studies have shown that ATP binding to the NBDs induces conformational changes in the TMDs of many ABC transporters. These conformational changes have been visualised directly for P-gp by 2-D crystallography [5, 14] . Comparison of 2-D crystal structures of ATP (AMP-PNP)-bound P-gp with those of P-gp trapped in the posthydrolytic transition state (with vanadate; see below) showed that the major conformational change in the TMDs occurs upon ATP binding and that subsequent ATP hydrolysis and ADP/Pi release introduce more limited changes [5] . Spectroscopic studies of LmrA lead to a similar conclusion [45] . The nature of these conformational changes remains to be elucidated, although there is clearly a substantial repacking of the TMDs throughout the depth of the membrane [5, 14] . Experimental evidence suggests that threading of α-helices into and out of the lipid bilayer is unlikely [46] . Rotation and tilting of transmembrane α-helices may both contribute to these conformational changes, although, given the diversity of TMDs, it is likely that different types of conformational change are involved for different sub-families of ABC transporters.
Finally, and most importantly, ATP binding can induce changes in the substrate-binding properties of the TMDs. The affinity of substrates for ABC transporters has been difficult to measure directly, and indirect measurements (i.e. stimulation of ATPase activity) often reflect other ratelimiting steps. However, direct measurement of the binding affinity of the drug vinblastine to P-gp has been possible. The use of non-hydrolysable ATP analogues (both AMP-PNP and ATP-γ-S) showed that ATP binding, in the absence of hydrolysis, is sufficient to reduce substratebinding affinity [5, 47, 48] with little effect on binding capacity or affinity for a modulator which binds to an allosteric site but is not transported, arguing against nonspecific disruption of protein structure. For the cystic fibrosis transmembrane regulator, although initial studies suggested that ATP hydrolysis drives channel opening, a more detailed analysis has revealed that channel opening can be mediated by ATP binding to the NBDs in the absence of hydrolysis [49] . Similarly, for the DNA 'mismatch' repair ABC proteins, MutS and hMSH2/6, ATP binding in the absence of hydrolysis induces the key conformational change which enables the DNA repair complex to assemble [32, 35, 36] .
Step III. ATP is hydrolysed to initiate transition of the NBD 'closed dimer' to the 'open dimer' configuration and return the transporter to its basal state ABC transporters normally hydrolyse ATP as part of the transport cycle. ATP hydrolysis destabilises the NBD 'closed dimer' to initiate, resetting the transporter to its basal state. The trigger which initiates ATP hydrolysis is unknown. Substrate release from the TMDs could trigger a conformational change which is transmitted to the NBDs, but this is unlikely to be a common mechanism (see below "When does substrate cross the membrane...?"). More likely, ATP hydrolysis is an automatic consequence of 'closed NBD dimer' formation. The observation that stable 'closed dimers' of isolated NBDs are difficult to obtain in the presence of ATP [50, 39] suggests that the NBDs may be autocatalytic, and crystals of the isolated LolD and HlyB-NBD homodimers with bound ATP could only be obtained once specific mutations preventing hydrolysis were introduced. The structure of the mutant LolD homodimer in its ATP-bound state shows a water molecule positioned with ideal geometry for hydrolytic attack on the γ-phosphate group of ATP, but which cannot be activated because the required H-bond acceptor, the catalytic base E171, has been mutated stabilising the structure ( [10] ; Fig. 4a ). However, structures of similar mutants of HlyB-NBD with bound ATP have led to a different interpretation of the molecular mechanism of hydrolysis. Arguing that base catalysis would be possible in monomeric NBDs and that free NBDs in solution need to dimerise to hydrolyse ATP, Schmitt et al. [51] have proposed a substrate-assisted catalysis (Fig. 4b) . This requires the microenvironment of the closed NBD dimer to enable ATP itself to abstract a hydrogen from the catalytic water and activate it for nucleophilic attack on the γ-phosphate. Presently, it is not possible to be unequivocal about the mechanism of catalysis, particularly given that the current dataset cannot assess the possible role for the TMDs in the process [10] .
After hydrolysis, the released Pi exits the NBD dimer and can be replaced by vanadate, a potent inhibitor of ABC transporter function. Vanadate is able to stabilise the NBD dimer with one ATP and one ADP.Vi in a transition state. Biochemical evidence suggests that this is an activated state [52] with a distinct conformation of the TMDs of P-gp, which retains a low affinity for vinblastine [5, 53] . Comparison of the high-resolution structures of ATP-and ADP-bound HlyB-NBD [40] suggests that some of the energy of hydrolysis be used to distort a helix (number 6; Fig. 1c ) in the NBD storing energy to force the later dissociation of ADP (see below). Hydrolysis of ATP, therefore, does not restore the transporter to its basal state but is a necessary step in the restoration of the basal state.
Step IV. Pi and then ADP are released, restoring the protein to its basal state ready to initiate another transport cycle After ATP hydrolysis, Pi must be released before ADP because Vi is able to replace Pi and stabilise the NBD dimer in complex with ADP [22, 54, 55] . How Pi is released from the post-hydrolytic complex is again contentious. Based on comparison of the electrostatic potential of monomeric and dimeric LolD, it has been proposed that electrostatic repulsion between the ADP coordinated by the core subdomain of one NBD and the Pi coordinated by the signature motif of the other NBD destabilises the closed NBD dimer, leading to Pi and ADP release [10] . A different mechanism has been postulated for the isolated HlyB-NBD. Hydrophilic tunnels have been described for the mutant HlyB-NBDs with bound ATP [40] , and it is suggested that these represent exit tunnels for the released Pi. The tunnels are asymmetric in the HlyB-NBD homodimeric structure.
One tunnel provides a continuous passage from one γ-phosphate to the surface of the dimer; the other tunnel, extending from the γ-phosphate of the second ATP, is closed by a salt bridge providing an explanation for the observed, non-simultaneous hydrolysis of the two ATPs in the complex. Thus, it is postulated that Pi leaves the closed HlyB-NBD dimer via an exit tunnel without a build up of electrostatic charge. The remaining ADP is unable to stabilise the NBD dimer, and the dissociation of the NBDs results after which the energy stored in the torsion of helix 6 is released to displace ADP. This mechanism may not be common to all ABC NBDs, and, indeed, for MutS, ADP appears to remain bound to one NBD until substrate binding induces a conformational change in the NBDs, such that ADP is displaced by ATP [36] . For P-gp [22, 56, 57] and MutS [35] , it has been shown that ADP release provides a rate-limiting step in the ATPase cycle.
When does transport substrate cross the membrane and when is it released extracellularly during the transport cycle?
Substrate translocation across the membrane requires reorientation of the substrate-binding site. This has been hard to measure directly. Only for the bacterial drug transporter LmrA have direct measurements of orientation been made [58] . The high-affinity site is accessible from the inner leaflet of the membrane in the native state, as expected. Furthermore, the low-affinity site is exposed to Fig. 4 Possible mechanisms of ATP hydrolysis. a General base catalysis. The histidine of the H-loop donates a hydrogen bond to the γ-phosphate of ATP stabilizing its position. The invariant glutamate of the Walker B motif is oriented towards the water from which it abstracts a proton (arrow), thus activating the water for nucleophilic attack on the γ-phosphate. b Substrate-assisted catalysis. The H-loop histidine donates the same hydrogen bond to the γ-phosphate of ATP, but the role of the Walker B glutamate is to accept two hydrogen bonds from the H-loop histidine stabilizing the position of the latter in the active site. Catalysis is "substrate-assisted" as the γ-phosphate acts as a base to abstract a proton from the hydrolytic water (arrow), activating it for nucleophilic attack. Such a substrate-assisted mechanism would be dependent on the pKa of the ATP which in turn would be dependent on the local environment of the active site. Images were generated in MacPyMOL using the pdb (1XEF) of the H662A mutant of HlyB as a template [51] . Only one NBD is shown for clarity; the side chains of Glu631 and His662, the proposed hydrolytic water and the ATP are shown in stick form and coloured elementally. The magnesium cofactor is shown as a green sphere the extracellular medium in the post-hydrolytic state (Vitrapped) showing that reorientation and drug release must have occurred before 'closed dimer' dissociation. However, this does not distinguish at which earlier step reorientation of the binding site occurs.
The 'power stroke' for transport is a functional definition and does not necessarily imply that this is the sole step for energy input into the system. Clearly, as ATP binding, ATP hydrolysis and Pi/ADP release each cause significant conformational changes in the TMDs [5] , and each therefore inputs energy into the transport cycle. At least for P-gp, it is becoming apparent that this may have different consequences for different drug-binding sites (Fig. 5) and may resolve apparent discrepancies in the literature. P-gp has multiple drug-binding sites which may behave differently (see below). In the absence of nucleotide, P-gp has a measurable high affinity for three different drugs: vinblastine, as described above [48] , IAAP [57] and propafenone (Chiba, personal communication). The conformational changes in the TMDs after binding of a nonhydrolysable analogue of ATP and 'closed NBD dimer' formation result in reduced affinity of the transporter for vinblastine and propafenone, but the affinity for IAAP is reported to remain high. Furthermore, the affinity for IAAP is only lowered during the conformational change in response to ATP hydrolysis as measured in the ADP/Vitrapped state. The high affinity for propafenone is also restored at this step, but high affinity for vinblastine is not recovered until phosphate is released from the NBDs. Thus, at least for P-gp, the three energetic steps in ATP catalysis (ATP binding, ATP hydrolysis and Pi/ADP release) are all associated with conformational changes in the transporter, and each may be used to reconfigure the binding sites for different drugs at different steps of the ATPase catalytic cycle.
Stoichiometry of ATP binding and hydrolysis
All ABC transporters have two putative nucleotide-binding pockets. Two ATP molecules are normally bound at the dimer interface in the 'closed dimer'-two bound nucleotides have been observed in crystallographic dimers of mutant LolD [10] and HlyB-NBD [51] , MalK [42] and Rad50 [9] ; have been detected biochemically in the Mdl1p dimer [55] ; and have been shown, biochemically, to be bound by the intact MRP1 and P-gp transporters [34, 52] . For CFTR, there is indirect evidence that ATP must bind to both sites to open the channel [59, 60] . Finally, co-operative ATP binding suggests a role for two ATP molecules [50, [61] [62] [63] [64] . However, it is possible to envisage an ABC transporter where one ATP is sufficient to stabilise the 'closed dimer' depending on the nature of the dimer interface. The ATP switch model does not require one or other nucleotidebinding pocket to bind ATP first. For some transporters, the decision may be stochastic (i.e. for P-gp; [63, 65] ). However, for both MRP1 [66] and SUR1 (ABCC8; [67] ), there is evidence that NBD1 provides the initial ATPbinding site. These differences may provide different kinetic control to 'closed dimer' formation and, hence, transport.
Whether both ATP molecules are hydrolysed is less clear. For many ABC transporters, both nucleotide-binding pockets have the capacity to hydrolyse ATP and clearly demonstrated Fig. 5 The 'ATP switch' induces multiple conformational changes in the TMDs of ABC transporters, all of which contribute to transport substrate across the membrane. The TMDs change conformation in response to the energy released at different steps of the ATP catalytic cycle at the NBDs. This may have different consequences for different substrate-binding sites. In the multispecific drug-transporter, P-gp, the binding sites for vinblastine (Vbl), IAAP and propafenone (Prop) are all in a high affinity state (red) in the absence of bound nucleotide, allowing drugs to bind from an intracellular aspect. The affinity for both vinblastine and propafenone is reduced (blue) after ATP binding to the TMDs, and these drugs are, therefore, presumably released on the extracellular side of the membrane at this step. However, the affinity for IAAP remains unchanged upon ATP binding, and high affinity is not lost until ATP is hydrolysed. High affinity for propafenone is also restored at this step but, in contrast, high affinity for vinblastine is not recovered until phosphate is released from the NBDs. It therefore seems that the conformational changes in the TMDs, at different steps in the catalytic cycle, may have different consequences for the different drug-binding sites for P-gp [68, 69] , TAP [70] and the histidine permease [71] . For some ABC transporters, the two pockets hydrolyse ATP non-simultaneously, for example, P-gp [22, 52, 63, 72] , MutS [36] , and the bacterial histidine [50, 61] and maltose [73] transporters. Consistent with this, the two nucleotidebinding pockets of a transporter frequently exhibit structural asymmetry even for HisP [29] and HlyB-NBD [40] where the two NBDs are identical in sequence. Alternating hydrolysis has previously been interpreted as implying that the two hydrolysis events affect different steps of the transport cycle (i.e. there is no redundancy). It now seems more likely that co-operative ATP hydrolysis enhances the kinetics of 'closed dimer' dissociation. Support for this interpretation comes from the DNA repair ABC protein MutS. Replacement of a single amino acid R697A at the NBD dimer interface, which interacts with the opposing NBD, abolishes alternating hydrolysis and reduces the efficiency of DNA repair [36] . For some ABC transporters, the 'choice' of which NBD hydrolyses first may be stochastic [65] . For others, there is a clear asymmetry: for MRP1, NBD2 appears to hydrolyse ATP initially [66, 74] , and in CFTR, hydrolysis of one ATP is much slower than the other [84] . Nevertheless, the net result is the same: destabilisation of the 'closed dimer' albeit with different kinetic control. It is also not impossible to envisage that ATP hydrolysis at only one pocket might be sufficient to destabilise the 'closed dimer', albeit at a slower rate. Indeed, it has been shown by experimental manipulation that ATP hydrolysis by both pockets is not absolutely essential for transport. Thus, for the histidine transporter, mutation of one pocket to abolish ATP hydrolysis, without inhibiting ATP hydrolysis by the other pocket, still enables histidine transport albeit at a reduced rate [71] . For CFTR, although ATP is normally hydrolysed with faster kinetics by one pocket over the other, hydrolysis is not absolutely required by either NBD but simply appears to enhance the rate of nucleotide release and formation of the 'open dimer' [59] . Although this might be peculiar to an ion channel, where rates of channel opening and closing do not need to be rapid, some ABC transporters lack key residues in the 'ABC signature' motif of one NBD which also suggests that hydrolysis of only one ATP may be required.
In conclusion, therefore, it appears that two ATP molecules are commonly bound and hydrolysed during a transport cycle in a co-operative fashion. However, for some ABC transporters, only a single hydrolytic event may destabilise the 'closed NBD dimer' and restore the transporter to its basal state.
Substrate-binding sites
The substrate specificity of ABC transporters is generally determined by one or more substrate-binding sites located on the TMDs. In the absence of structural data with bound substrate, little is known about the nature of these sites or their precise locations on the TMDs. Numerous mutagenesis and cross-linking studies have implicated large regions of the TMDs; however, with mutagenesis, it is difficult to rule out allosteric effects, and with crosslinking studies, size and promiscuity of the cross-linker may be a problem. Some ABC transporters only transport one molecule of substrate per transport cycle, presumably involving a single site. For example, TAP appears to have a single peptide-binding site with the N terminus of the translocated peptide binding to one TMD and the C terminus to the other TMD [75] . In contrast, other ABC transporters have multiple substrate-binding sites, particularly drug transporters with broad specificity. For example, some MRPs can transport both cytotoxic drugs and GSH, and these bind to distinct binding sites [76, 77] . As they can also transport drug-GSH conjugates, the number of sites may be a semantic point; one site for a drug-GSH conjugate may become two sites when the ligands are not conjugated. Similarly for P-gp, detailed pharmacological studies have identified three interacting substrate-binding sites from which transport can occur [78, 79] . Indeed, it has been shown [80] that two drug molecules can bind to a single protein molecule at the same time. Frequently, one substrate can stimulate transport of the other [58, 81, 82] , possibly because occupancy of two sites more effectively stimulates ATP binding and 'closed NBD dimer' formation. In support of this hypothesis, GSH and drug must both bind to MRP1 to efficiently induce activating conformational changes in the NBDs [28] . It seems likely that for some ABC transporters, two ATP molecules are hydrolysed per transport cycle whilst for others, it is only one (see above). Similarly, as some transporters have multiple sites, all of which may not always all be occupied, the stoichiometry may vary depending on the substrate(s) studied. In some cases, for example haemolysin A, a large (40 kDa) polypeptide transported across the inner membrane, periplasmic space and outer membrane of E. coli by the HlyB, HlyD and TolC complex may require rather more than two ATPs to be hydrolysed in repetitive rounds of conformational change.
Summary
Biochemical, structural and genetic data from many laboratories, and based on several different ABC transporters, have led to the 'ATP-switch' model. The model describes the basic principles by which an ABC transporter operates and can accommodate apparent differences between ABC transporters. These differences lie in two major areas. First, whether the two NBDs are equivalent in their ability to bind and hydrolyse ATP. The hypothesis that the transition between an 'open' and 'closed' NBD dimer is the key 'switch' in the transport process allows for adaptations in which binding/hydrolysis of either one or both ATP molecules may induce 'closed'/'open' dimer formation, permitting differential kinetic control of the transport process. Second, the model allows the same ATP-dependent 'switch' to have different consequences depending on the TMDs to which it is coupled. Thus, some ABC transporters can import whilst others export. For some, multiple substrates can be transported but the precise step at which substrate is released in the transport cycle may vary. It is also apparent that the TMDs of different ABC transporters have different evolutionary origins. We also now know of several ABC proteins which exploit the same 'ATP switch' to control biological processes other than transport making the ABC dimer a controllable switch, adaptable to many requirements.
